ABSTRACT The German cockroach, Blattella germanica (L.), and the closely related species B. bisignata (Brunner) belong to the germanica species group. They are similar in appearance, life history, reproductive cycle, and courtship behavior. The most signiÞcant difference is habitat preferences: B. germanica is a household species and lives in crowded conditions, whereas the feral B. bisignata lives outdoors in a solitary manner. Nevertheless, B. bisignata has recently been found in households. A comparison between the two species has shown that B. germanica displays gregarious behavior and produces an aggregation pheromone, whereas both characters are absent in B. bisignata. Mate preference experiments have revealed that B. germanica females accepted only conspeciÞc males, whereas B. bisignata females mated with males from both species, provided that long distance calling was bypassed. In addition, the high reproductive potential of B. germanica outcompeted the other species: when 10 pairs of B. germanica and of B. bisignata were kept together in crowded conditions during 3 mo, B. bisignata was driven into extinction. It is concluded that the chances of B. bisignata becoming a new household species are remote.
WHY DOES A species live in one habitat and not in another? If we look at the characteristics of compatibility and adaptation between species and habitat, then a comparative study of two phylogenetically similar species should reveal their relationship to a particular environment (Clutton-Brock and Harvey 1984, Alcock 1989) . The closely related species B. germanica (L.) and B. bisignata (Brunner) are well suited for such a comparison, because these cockroaches are similar in appearance, life history, reproductive cycle, and courtship behavior, but they live in separate habitats. However, interactions under natural conditions can occur. Blattella germanica is a cosmopolitan species that specializes in sharing human space and food (Cornwell 1968 , Rust et al. 1995 and is known as a severe household pest (Schal and Hamilton 1990) . In contrast, B. bisignata is primarily found in Southeast Asia and is a feral species (Roth 1985) . Recently, however, that species has been discovered in a household of Taipei City, Taiwan (Wu and Shiao 1994) . Whether it can invade the domicile habitat and replace B. germanica to become a new household pest is the question posed here. Cockroaches have been implicated in the transmission of disease organisms and as a source of potent human allergens in our homes, which is a matter of medical importance (Rust et al. 1995 , Mollet et al. 1997 . This study proves the superiority of B. germanica over B. bisignata in competition experiments under artiÞcial habitat conditions, and the hypothesis that B. bisignata could become a major household pest is rejected.
Materials and Methods
Insects. B. germanica and B. bisignata were collected from households and in the vicinity of Taipei City, Taiwan, respectively, and reared for several generations in the laboratory. The cockroaches were kept in transparent plastic jars (4 liters) with screen lids for ventilation. Food (dog chow) and water were provided ad libitum. Several pieces of Styrofoam were added to provide shelters. Last instars were removed and reared en masse in transparent plastic cups (250 ml). Upon reaching adulthood, the sexes were separated and kept under the same conditions. All rearing was conducted at 28ЊC and a photoperiod of 16:8 (L:D) h.
Life Span and Reproductive Cycle. The life span of B. bisignata was estimated in the egg, nymphal, and adult stages. All tested insects were reared individually in transparent plastic cups (250 ml) with food and water and at 28ЊC and a photoperiod of 16:8 (L:D) h. The length of the egg stage was determined by measuring the time span from ootheca extrusion to hatching. By daily observing the distance between abdominal segments of nymphs, the date of each nymphal molt could be determined. The adult life span of males was represented by virgin males, whereas that of females was obtained from virgin or mated-once females. Forty-Þve newly emerged females were divided into two groups. One group of females was allowed to mate once at the age of 4 Ð 6 d, the other group remained virgin throughout the experiment. In addition, daily records were kept so that each landmark event in the reproductive cycle, such as mating, ootheca extrusion, and expulsion, was noted for each individual. In total, four reproductive cycles were recorded with data on the duration of ootheca-bearing (pregnancy), and the interval between successive oothecae. The total number of fertile and sterile oothecae in these two groups of females was also recorded.
Aggregation Pheromone. It has been demonstrated that aggregation pheromone can be obtained by placing a Þlter paper in the cockroach rearing chamber Kuwahara 1967, 1968) . To collect feces and secreted chemicals of B. germanica or B. bisignata, a piece of Þlter paper (7 cm diameter) that was folded twice was used as a living shelter in a container housing a group of 20 males or females. After 7 d, the impregnated Þlter paper was removed and ready to serve as the source of aggregation pheromone for the following experiment. Ten male or female cockroaches were introduced into a clean transparent acrylic box (30 by 30 by 30 cm 3 ) containing a tested Þlter paper. The cockroaches were allowed to settle down in the box for 4 h under dim light (200 lux). To avoid the contamination of sex pheromone during the experiment, males and females were tested separately. The Þlter paper with either male or female feces and chemicals was only tested with the same sex. The associated position of each individual cockroach was recorded to see the attractive effect of the aggregation pheromone.
The Effect of Group Rearing. The growth and development of B. bisignata nymphs were investigated under either solitary or gregarious rearing conditions. Fifteen out of Ϸ30 newly hatched nymphs from the Þrst ootheca of a female were reared individually in transparent plastic cups (250 ml) with food and water at 28ЊC and a photoperiod of 16:8 (L:D) h. The other 15 nymphs from the same ootheca were reared together in a cup of the same dimension. Each rearing experiment was replicated Þve times with nymphs from Þve oothecae. After adult emergence, the differences in instar duration and body weight between individual and group rearing were compared. The results were analyzed by three-factor analysis of variance (ANOVA) to distinguish the differences in maternity, gender and rearing conditions. The Hybridization Test. Because B. bisignata and B. germanica are closely related species, the possibility of hybridization in the laboratory was investigated in two experiments. B. bisignata or B. germanica were allowed to choose a mate among two sexually mature heterosexual individuals of the two species (14-d-old males or 6-d-old females) on days 4 Ð7 after adult emergence. Each mate-choice test was conducted in a plastic cup (250 ml) for 4 h. Successful mating (spermatophore transferred) and species chosen were recorded. A no-choice test was conducted by putting a virgin male of B. bisignata and a virgin female of B. germanica together in a plastic cup (250 ml) with food and water. A virgin male of B. germanica and a virgin female of B. bisignata were also joined under the same conditions. Each pair combination was replicated with 20 pairs. A successful mating was recognized when the spermatophore was expelled from the female. The mating rate and the number of hybrids hatched daily were continually monitored until the mated females died.
Competition Experiment. To understand the possibility of competition between two species under laboratory conditions, 10 adult pairs (0-d-old) of B. germanica and 10 pairs of B. bisignata were reared together in a transparent plastic jar (2 liters) for 3 mo under laboratory conditions. For the control experiment, 20 pairs of B. germanica or 20 pairs of B. bisignata were set up at the same rearing condition. To monitor the competition process, the surviving nymphs, females, and males of the two species were recorded under low temperature anesthesia each month. B. germanica and B. bisignata can be differentiated by the body coloration and stripes on the pronotum. Adult male cockroaches can further be distinguished by the chitinous sacsÕ structures of abdominal tergite 7 and 8 (Roth 1985, Wu and Shiao 1994) .
Results
Life Span and Reproductive Cycle. The whole life span of B. bisignata is presented in Fig. 1A . It took 19.9 Ϯ 0.1 d for eggs to hatch (mean Ϯ SE). Nymphs had to molt Þve to six times to reach adulthood. The total length of the nymphal stage was 43.7 Ϯ 0.4 d and 44.8 Ϯ 0.6 d for males and females, respectively. Although there was no signiÞcant difference in nymphal stage length between sexes (unpaired t-test, P Ͼ 0.05), the life spans of adults were signiÞcantly different among males, virgin females, and mated females (ANOVA; F ϭ 123.94; df ϭ 2, 175; P Ͻ 0.001). The life span of mated females (180.8 Ϯ 14.1 d) was longer than that of virgin females (162.1 Ϯ 3.5 d) and males (105.2 Ϯ 2.2 d). Both virgin and mated females produced the same number of ootheca (9.0 Ϯ 0.2 (n ϭ 52) and 8.6 Ϯ 0.3 (n ϭ 57) for virgin and mated females, respectively) in their life span at 28ЊC and a photoperiod of 16:8 (L:D) h (unpaired t-test, P Ͼ 0.05). However, our results also showed that B. bisignata could not reproduce parthenogenetically. When females only mated once in the Þrst reproductive cycle, they could produce a total of 2.7 Ϯ 0.2 (n ϭ 57) fertile oothecae in their adult lives. By counting the hatched nymphs, there was a signiÞcant difference of offspring hatched from the Þrst ootheca between B. bisignata (18.5 Ϯ 3.3, n ϭ 20) and B. germanica (30.9 Ϯ 1.8, n ϭ 20) (unpaired t-test, P Ͻ 0.01). This low hatchling number in B. bisignata was due to the high percentage of sterile ootheca in the Þrst reproductive cycle (35%). In contrast, the percentage of sterile ootheca in B. germanica was low (5%). Although females could produce oothecae and go into pregnancy regardless of their mating status, a successful mating not only provided sperm to produce viable oothecae, but also lengthened the pregnancy and accelerated ootheca production after the termination of pregnancy ( Fig. 1 B and C). Detailed analysis of the interval between successive oothecae showed that mated females produced oothecae more rapidly (unpaired t-test, P Ͻ 0.001), but their pregnancies were longer (unpaired t-test, P Ͻ 0.001). The short pregnancy of virgin females did not speed up the process of ootheca formation. Even with a relatively long interval between successive oothecae, a short pregnancy caused a signiÞcant shorter reproductive cycle in virgin females than in mated females ( Fig. 1 B and C newly emerged adult body weight showed signiÞcant differences due to the effects of different maternity, sexes and rearing conditions (three-factor ANOVA; F ϭ 25.56; df ϭ 4, 1, 1; P Ͻ 0.01) ( Table 2 ). Moreover, the survival rate of nymphs that were reared individually was signiÞcantly higher than when reared in groups ( 2 test, P Ͻ 0.01)( Table 2 ). The results clearly showed that B. bisignata did not experience a positive group effect.
The Hybridization Experiment. Under laboratory conditions, the possibility of hybridization between B. bisignata and B. germanica is shown in (Table 4 ). Comparing the results of the single-species rearing experiment, B. germanica thrived in contrast to B. bisignata under the same rearing conditions. In a detailed analysis of the population structure, several aspects were noted. Although the number of adults and nymphs of B. germanica was signiÞcantly larger than that of B. bisignata at the end of each month (unpaired t-test, P Ͻ 0.05Ð 0.001), the nymphal proportion in the populations were the same (unpaired t-test, P Ͼ 0.05), except at the end of the Þrst month. The sex ratio of both species was maintained at 1 ( 2 test, P Ͼ 0.01), except for B. germanica at the end 2 mo of rearing. The percentage of pregnant females was not signiÞcantly different between B. germanica and B. bisignata at the end of the second and third month (unpaired t-test, P Ͼ 0.05). During the Þrst month, the population of both species increased by the F 1 generation nymphs hatched from the oothecae, but B. germanica produced more nymphs than B. bisignata. The F 1 generation of B. germanica reached adulthood at the end of the second month, but F 1 adults of B. bisignata appeared at the end of the third month. The slow development in B. bisignata resulted in an overwhelming number of B. germanica over B. bisignata at the end of the third month.
After 10 adult pairs of B. bisignata and B. germanica were reared together in the same container for 3 mo, B. bisignata was completely replaced by B. germanica (Table 4) . We found no fourthÐsixth instars of B. bisignata during the entire 3 mo of competition, even though we could not differentiate between the Þrst three instars of B. bisignata and B. germanica. This result showed that B. bisignata did not reproduce under these conditions with B. germanica. There were only B. germanica adults alive after 3 mo of rearing together with B. bisignata. The decreasing percentage of pregnant females in B. bisignata shows deÞnitely a lack of successful reproduction. In B. germanica, the percentage of pregnant females decreased to a low level (17.1 Ϯ 3.9) at the end of the second month, then bounced back to a high level (62.2 Ϯ 13.4) at the end of the third month. Male and female adults were tested separately to eliminate the attractive effect of sex pheromone. Ten homosexual cockroaches were released simultaneously into a testing box (n ϭ 10).
a SigniÞcance of attractiveness between B. bisignata and B. germanica ( 2 test). SigniÞcant difference of survival rate between individual and group rearing is represented by asterisks ( 2 test, P Ͻ 0.01). a SigniÞcant difference between individual and group rearing of the same sex regardless of maternity is represented by asterisks (three-factor ANOVA, P Ͻ 0.01).
b SigniÞcance of stadia duration or adult body weight between male and female regardless of maternity (three-factor ANOVA).
Discussion
Comparison Between the Reproduction of B. bisignata and B. germanica. B. bisignata and B. germanica have similar reproductive behaviors with consequences. Due to the femalesÕ cyclic reproduction, oothecae will be continuously produced regardless of mating status, although the oothecae from virgin females are unfertile (Lee and Wu 1994) . This phenomenon causes a premature termination of pregnancy in virgin females. Because it is energy-costly to produce an ootheca (Kunkel 1966 , Cochran 1983 , Mullins and Cochran 1987 , virgin females need more resources (food and mates) to meet the requirements of reproduction. Therefore, the increased locomotion to Þnd food and mates is inevitable for virgin females (DeMark and Bennett 1995 , Lin and Lee 1996 , Tsai and Lee 2000 . It is agreed that energy consumption rises with increased locomotion (Lee 1994) . Due to the combination of faster reproductive cycles and increased locomotion, a virgin femaleÕs life span is much shorter than that of a mated female ( Fig. 1A ; Willis et al. 1958, Lee and . Similarly, the short life span of males is the result of the huge amount of daily locomotion (Rust et al. 1995, Tsai and Lee 2000) .
It is generally agreed that one successful mating is usually adequate to fertilize all oothecae during the entire reproductive life of a female cockroach (Cochran 1979) . However, one successful mating alone does not fertilize all oothecae in B. germanica and B. bisignata. Because B. germanica is a gregarious species, its chance of encountering mates is certainly higher than that of the nongregarious species B. bisignata (see below). Therefore, B. germanica can produce a high rate of fertile oothecae. Based on the Þnding of Wu (1992) and this study, B. germanica produces more oothecae and offspring per ootheca than that of B. bisignata under the same conditions. Although B. bisignata produces more oothecae (8.6) than that of B. germanica (6.9), its fertility rate of a successful mating is signiÞcantly less than that of the latter. In addition, the generation time for B. germanica (65.9 d) is less than that of B. bisignata (72.2 d). Based on these Þndings, we concluded that the reproductive potential of B. bisignata is inferior to B. germanica under our laboratory conditions. The single-species rearing experiment started with 20 adult pairs of B. bisignata or B. germanica. The competition experiment started with 10 adult pairs of B. bisignata and 10 adult pairs of B. germanica. *, **, ***, SigniÞcant difference of numbers between B. bisignata and B. germanica at each monthÕs observation (unpaired t-test, P Ͻ 0.05, P Ͻ 0.01 and P Ͻ 0.001 respectively).
a SigniÞcant difference against sex ratio of 1 is represented by asterisks ( 2 test, P Ͻ 0.01). b In two-species competition experiment, only the number of older nymphs (fourthÐsixth stadium) was recorded.
The Specific Adaptation of Being in a Domicile
Habitat. It is evident that aggregation pheromone is contained in feces from the B. germanica regardless of sex and developmental stage Kuwahara 1967, 1968) , and that gregarious behavior of nymphs favors their growth and development (Pettit 1940 , Willis et al. 1958 , Ishii and Kuwahara 1967 , Izutsu et al. 1970 . In contrast to the strongly attractive quality of conspeciÞc chemicals of B. germanica, both males and females of B. bisignata showed no preference for conspeciÞc chemicals (Table 1) . We infer from this result that B. bisignata does not have an aggregation pheromone. Furthermore, the body weight of newly emerged adult B. bisignata was signiÞcantly heavier in solitary rearing conditions than in group rearing condition (Table 2 ). Group rearing also decreased the nymphal survival rate (Table 2) . Based on the consequences of aggregation pheromone and group rearing, B. bisignata is not a gregarious species like B. germanica and group rearing will even impair growth and development. Because a domicile habitat for cockroaches is equivalent to limited space, the aggregation pheromone and gregarious behavior of B. germanica make the species well-adapted to the crowded environment (Rust et al. 1995) .
In all the choice and no-choice experiments, both cockroach species only copulated with conspeciÞc mates, except female B. bisignata achieved copulation with a hetero-speciÞc male (45% of mating success in the no-choice experiment) (Table 3) . Darwin deemed that sexual selection acts by female choice or male competition (Ridley 1993) . Because female control is the key element in a successful mating in cockroaches (Roth and Willis 1952, Tsai and Lee 1997) , this result implies that female B. bisignata may have misidentiÞed the male B. germanica as a conspeciÞc male. Although the postcopulation events did not allow cross-species fertilization (Roth 1970) , the cross-species copulation must have resulted from the similarity of their courtship behaviors. Reproductive isolation mechanisms can reside in one or more steps of the behavioral sequence (Grant 1985) . Long distance attraction of a conspeciÞc mate was bypassed when males and females were experimentally placed together. Female B. bisignata could not discriminate between the males of B. germanica and B. bisignata so that cross-species mating occurred. B. bisignata does not live gregariously in nature so that female B. bisignata rely on species-speciÞc chemicals such as sex pheromones to attract a conspeciÞc mate (Tsai and Lee 2000) . During calling behavior the volatile sex pheromone is released to serve as the Þrst important reproductive isolation mechanism. However, females of B. germanica can easily encounter potential mates in a crowded domicile habitat so that the precise species identiÞcation at close range becomes essential for maintaining species integrity (Roth and Willis 1952, Schal et al. 1983) . In other words, courtship behavior serves as the Þrst important reproductive isolation mechanism for B. germanica.
From an energy allocation aspect, B. bisignata spends more energy than B. germanica in locomotion Lee 1998, Tsai and Lee 2000) . B. germanica tends to stay around resources, whereas B. bisignata tends to disperse more quickly. Because resources of domicile habitats are relatively concentrated and few natural enemies are in the habitat, the less active B. germanica actually is more suited for this type of habitat (Cornwell 1968 , Rust et al. 1995 . The more active B. bisignata survives better in a feral environment, where heavy predation is common and resources are far apart. In gregarious B. germanica, intraspeciÞc agnostic behaviors have less signiÞcance and intensity than in other species (Breed et al. 1975) , whereas in nongregarious B. bisignata, the intraspeciÞc agonistic behaviors must be intense. Due to these differences, B. germanica allocate less energy in nonreproductive activities, but invests heavily in reproduction. In the Argentine ant, Holway et al. (1998) also reported that colonies with intraspeciÞc agonistic behavior consume more resources and energy (that could otherwise be allocated to growth and reproduction) than nonagnostic colonies.
Blattella germanica and B. bisignata are both classiÞed in the germanica species-group (Roth 1985) . Their phylogenetic closeness appears not only in the indistinguishable morphology (Wu and Shiao 1994) , but also in behavioral similarity. However, the above characteristics analysis of the two species reßects the differential adaptation of being in the domicile habitat. B. germanica certainly showed more adaptive features by living with humans, such as high reproductive potential, gregariousness, developmental acceleration by the group effect, and discriminating conspeciÞc mates in small space. B. germanicaÕs positive thigmotaxis plays an important role in its successful hiding within harborages and structures (Cornwell 1968) . From the detailed comparative study between the two species, the successful B. germanica was credited with the combination of thigmotaxis and gregarious behavior. Although B. bisignata may possess a positive thigmotaxis, its solitary behavior prevented the species from surviving in a domicile habitat. As of now, B. germanica invades homes and proliferates successfully, but B. bisignata does not.
Simulation of Competing on the Dominance in a Domicile Habitat. When B. bisignata was found in a household of Taipei City (Wu and Shiao 1994) , the question was raised about its ability to replace B. germanica in the domicile habitat. Based on the 3 mo of single-species rearing experiment, B. germanica proliferated more adults and nymphs than B. bisignata under the same rearing conditions (Table 4 ). In the two-species competition experiment, B. germanica outcompeted B. bisignata and drove the latter to extinction (Table 4) . This was the outcome of the combination of inter-and intraspeciÞc competition. From the analysis of monthly progress on competition, the different effects of these two competitions on both species were revealed. Although the gregarious cockroach, B. germanica, shows very low intraspeciÞc competition, the nongregarious cockroach, B. bisignata, displays high intraspeciÞc competition. This reasoning is solidiÞed by the fact that B. germanica produced more offspring than B. bisignata under single-species rearing conditions. Although it was not certain whether B. bisignata could produce an F 1 generation during the Þrst 2 mo of the experiment, no fourthÐsixth instars survived. The population of B. bisignata was reduced to a very low level and interspeciÞc competition virtually disappeared during the third month of the experiment. Therefore, the percentage of B. germanica pregnant females was then reverted to a high level (Table 4) . Under crowded conditions, the intraspeciÞc competition severely crippled the development and proliferation of B. bisignata. In contrast, the gregarious behaviors and high reproductive potential helped B. germanica win the competition. The effects of asymmetric competition on the outcome of competition was also seen in the bean weevil and blow ßy (Yoshida 1966, Smith and Wall 1997) . Crombie (1947) stated that one species may be superior to another in two different ways: (1) in the intrinsic reproductive and survival potential, which depends on adaptation to the environment; or (2) in interspeciÞc interference (that maybe through space scramble, food consumption, and mating confusion in this study), which reduces the rate of reproduction and survival of the competitor. In this study, we found that B. germanica shows some unique characteristics, such as gregarious behavior, high reproductive potential, and reproductive isolation mechanism that are Þt for living in a domicile habitat. The inference is solidiÞed by using artiÞcial simulation to demonstrate the superiority of B. germanica in competition with B. bisignata under an artiÞcial habitat. The notion of B. bisignata becoming a major household pest, therefore, is rejected by this study.
